ABSTRACT After prolonged exposure to ascorbate, collagen synthesis in cultured human skin fibroblasts increased approximately 8-fold with no significant change in synthesis ofnoncollagen protein. This effect of ascorbate appears to be unrelated to its cofactor function in collagen hydroxylation. The collagenous protein secreted in the absence of added ascorbate was normal in hydroxylysine but was mildly deficient in hydroxyproline. In parallel experiments, lysine hydroxylase (peptidyllysine, 2-oxoglutarate:oxygen 5-oxidoreductase, EC 1.14.11.4) activity increased 3-fold in response to ascorbate administration whereas proline hydroxylase (prolyl-glycyl-peptide, 2-oxoglutarate:oxygen oxidoreductase, EC 1.14.11.2) activity decreased considerably. These results suggest that collagen polypeptide synthesis, posttranslational hydroxylations, and activities of the two bydroxylases are independently regulated by ascorbate.
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Ascorbic acid is essential for normal collagen formation (1-3) by virtue ofthe fact that it is a required component in the synthesis of hydroxyproline and hydroxylysine in collagen (4) . Hydroxyproline serves to stabilize the collagen triple helix (5, 6) ; its absence results in structurally unstable collagen (7, 8) which is not secreted from cells at a normal rate (9) . Hydroxylysine is necessary for formation of the intermolecular crosslinks in collagen (10) . In addition, specific carbohydrate residues are linked glycosidically to collagen through hydroxylysine, a process that may be important in the regulation of crosslink formation (11) .
It is generally believed that ascorbate modulates collagen production through its effect on prolyl hydroxylation (12) . There have been indications, however, that ascorbate may have an additional role in collagen biosynthesis (13) (14) (15) (16) . Notable are the early studies by Jeffrey and Martin (13) who observed a substantial increase in the size of chicken long bones cultured in the presence of ascorbate, concomitant with an increase in the incorporation of proline into peptidyl hydroxyproline.
In this study we have examined the long-term effect of ascorbate on collagen production by cultured human skin fibroblasts. The influence ofascorbate on prolyl hydroxylase (prolylglycyl-peptide, 2-oxoglutarate:oxygen oxidoreductase, EC 1.14.11.2) and lysyl hydroxylase (peptidyllysine, 2 oxoglutarate:oxygen 5-oxidoreductase, EC 1.14.11.4) levels was also examined simultaneously to understand better the interrelationship of collagen synthesis and posttranslational hydroxylation. The data indicate that ascorbate increases collagen synthesis by acting at a level other than hydroxylation.
MATERIALS AND METHODS
Human skin fibroblasts from a normal 3-day-old boy (GM 970 For enzyme studies, parallel cultures were established as described above except the labeling medium was replaced by Dulbecco's modified Eagle's medium buffered with 24 mM sodium bicarbonate and 25 mM Hepes and supplemented with 0.5% dialyzed fetal calf serum. Medium was changed daily.
Measurement of Collagen Synthesis. Radioactivity incorporated into collagen was determined after digestion with highly purified bacterial collagenase (form III, Advance Biofactures) (17, 18) . For amino acid analysis, aliquots of collagenasedigested medium, after precipitation ofnondigested protein by 25% trichloroacetic acid/1.25% tannic acid, were hydrolyzed in 6 M HCl for 20 hr at 108°C.
Isolation of Procollagen I. Procollagen I was isolated by DEAE-cellulose chromatography (17, 19) . For amino acid analysis, pooled samples were hydrolyzed in 6 M HCI for 20 hr at 1080C.
Amino Acid Analysis. Amino acids were separated on a Beckman model 116 amino acid analyzer. Radioactivities in proline, hydroxyproline, lysine, and hydroxylysine were determined by liquid scintillation counting in Aquasol-2 (New England Nuclear).
Prolyl and Lysyl Hydroxylase Assays. Prolyl and lysyl hydroxylase activities in cell extracts were determined essentially as described (20) . RESULTS Total collagen production was stimulated approximately 8-fold by L-ascorbate as well as D-isoascorbate ( Fig. 1) . Cell pellet collagen represented a greater fraction of total collagen in as-
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The production of total noncollagen protein remained essentially unchanged under the influence of L-ascorbate or D-isoascorbate (Fig. 1) Lysyl hydroxylase activity increased 3-fold in response to Lascorbate or D-isoascorbate administration (Fig. 2) . The stimulation was already maximal by 24 hr. Surprisingly, prolyl hydroxylase activity decreased after prolonged exposure of cells to L-ascorbate or D-isoascorbate. The apparently higher prolyl hydroxylase activity of24-hr ascorbate-treated cultures is probably due to underestimation of the activity of untreated cultures, resulting from competition of labeled substrate in the assay with endogenous substrate. This is supported by the observation that prolyl hydroxylase activity in extracts from untreated cultures but not from ascorbate-treated cultures increased upon preincubation with cofactors for the hydroxylation reaction (data not shown).
Because treatment ofcells with ascorbate resulted in changes in prolyl and lysyl hydroxylase activities, we measured the extent of hydroxylation of proline and lysine in the newly synthesized collagen. Type I procollagen was isolated from media of ascorbate-treated cultures but could not be isolated from media of untreated cultures despite repeated attempts. When collagenase-digested media proteins were examined, hydroxyproline content for untreated cultures was lower than for ascorbatetreated cultures whereas hydroxylysine content was similar ( corbate-deficient cultures than it did in 96-hr ascorbate-treated cultures (37% vs. 12%); nonetheless, the amount of cell pellet collagen was higher in the latter (Fig. 1) idues were similar for 24-hr and 96-hr ascorbate-treated cultures. Values for isolated procollagen were somewhat lower than for collagenase-digested material, perhaps due to additional prolyl and lysyl residues in the noncollagenous extension peptides of procollagen. DISCUSSION The influence of ascorbate on collagen production has been largely attributed to its role in prolyl hydroxylation (12) . In the present study, collagen synthesis was assessed by measuring the incorporation ofproline into collagenase-sensitive protein. The observed stimulation of collagen synthesis under the influence of ascorbate is thus independent of hydroxylation. As a corollary, it appears that, although fairly stable during growth in culture (21) , phenotypic expression of fibroblasts with respect to collagen synthesis can be modified by ascorbate.
The present studies are in contrast to previous studies with human fibroblasts whose collagen synthesis either was not altered (22) or was decreased (23) by ascorbate. Whether this difference is related to cell types, experimental conditions, or method is not clear. Ascorbate has been found to have no effect on collagen synthesis in L-929 (24, 25) , 3T6 (25, 26) , and 3T3 (14) cells. This is not surprising because animal cell lines differ from human cell strains in many characteristics such as life-span in culture, karyotype, density dependent inhibition, and serum requirement. Human skin fibroblasts devote up to 15% oftheir protein synthetic capacity to collagen synthesis (17) . The relatively low rate ofcollagen synthesis exhibited by established cell lines (25, 27) may be a consequence of the loss of ascorbate-dependent regulatory mechanism. It should be noted that collagen synthesis in transformed cells also is low and is not regulated by ascorbate (28) . Ascorbate also has been found to have no effect on total collagen synthesis in human synovial cells, but this may be due to the much shorter duration oftreatment used (29) . In primary avian tendon cells, however, collagen synthesis was stimulated by ascorbate (15) although a later report from the same laboratory contradicted the earlier observation (30) . Furthermore, it was difficult to be sure if this was a primary effect or was secondary to changes in cell density which has been found to exert a significant influence on collagen synthesis relative to noncollagen protein synthesis (17) .
Most of the collagen produced under the influence of ascorbate appeared in the culture medium. The short labeling period used may have been insufficient for appreciable processing of the newly synthesized procollagen into insoluble collagen associated with the cell layer. Indeed, insoluble extracellular collagen has been found to accumulate during continuous labeling for a longer period in the presence of ascorbate (31) .
The absence of detectable procollagen in medium of ascorbate-deficient cultures may be related to the instability of underhydroxylated collagen at the physiological temperature (7, 8) and consequently its susceptibility to proteolytic degradation. It is noteworthy in this regard that low molecular weight fragments presumably derived from intracellular degradation of collagen formed in the absence of ascorbate have been found in culture medium (32) . However, such degradation has not been observed in other studies (26 (24, 25) .
The decline of prolyl hydroxylase activity after prolonged exposure of cells to ascorbate is unusual because changes in prolyl hydroxylase activity often accompany changes in collagen synthesis (4, 35) . One report, however, indicates an adverse effect of ascorbate on prolyl hydroxylase activity with no significant change in lysyl hydroxylase activity during culture growth (36) . In our experiments with growth-arrested confluent cells, lysyl hydroxylase activity was markedly stimulated by ascorbate. The significance of these observations in relation to collagen synthesis is not clear.
A comparison ofshort-term and long-term effects ofascorbate shows that collagen synthesis continued to increase even after prolyl hydroxylation had been maximally stimulated, suggesting that ascorbate acts at a level other than hydroxylation. This conclusion is incompatible with the postulate that intracellular accumulation of underhydroxylated collagen in ascorbate deficiency might inhibit further collagen synthesis and this inhibition could be relieved by ascorbate through hydroxylation (14) . Our results raise the possibility that ascorbate may exert a more direct influence on collagen synthesis. An action of ascorbate at the level of gene expression is an attractive possibility. However, in studies with bone organ culture the stimulation of collagen synthesis under the influence of ascorbate could not be abolished by actinomycin D, suggesting a lack of effect on the synthesis of collagen mRNA (37) . An alternative mechanism for ascorbate action may involve the protein synthesis machinery itself. A shift in the distribution of collagen synthesizing ribosomes toward polysomes has been observed in the presence of ascorbate (38, 39) . Ultrastructural examination of normal and scorbutic tissues revealed a considerable reduction in rough endoplasmic reticulum in ascorbate deficiency, consistent with this effect of ascorbate (40) .
The clinical implications of this study are appreciable. The importance of ascorbate in wound healing has been recognized for years. Ascorbate is concentrated in wounded tissues and rapidly utilized during wound healing (41) (42) (43) (44) . Tensile strength of wounds (45, 46) and incidence of wound dehiscence (47) are related to ascorbate levels. Because humans are dependent on dietary sources for ascorbate, deficiency is common in the elderly as well as sick and debilitated persons (48) , who most commonly undergo surgical treatment. Such patients may need supplemental ascorbate for optimal wound healing. This work was supported by Grant 2 R01 AM-17128 from the National Institutes of Health and Grant 5 T32 HL-07101 from the National Heart, Lung and Blood Institute and by funds from the Howard Hughes Medical Institute. This is publication no. 85 of the Dermatological Research Laboratories at Duke University Medical Center.
